A new three-step idealized-profile method to estimate the mixing height from vertical profiles of ceilometer backscattering coefficient is developed to address the weaknesses found with such estimates that are based on the one-step idealized-profile method. This three-step idealized-profile method fits the backscattering coefficient profile of ceilometer measurements into an idealized scaled vertical profile of three error functions, thus having the potential to determine three aerosol layers (one for the surface layer, one for the mixing height, and one for the artificial layer caused by the weakened signal). This three-step idealized-profile method is tested with ceilometer and radiosounding data collected during the Helsinki Testbed campaign (2 January 2006-13 March 2007). Excluding cases with low aerosol concentration in the boundary layer, cases with clouds present, and cases with precipitation present, the resulting dataset consists of 97 simultaneous backscattering coefficient profiles and radiosoundings. The three-step method is compared with the one-step method and other commonly employed algorithms. A strong correlation (correlation coefficient r 5 0.91) between the mixing heights as determined by the three-step method using ceilometer data and those determined from radiosoundings is an improvement over the same correlation using the one-step method (r 5 0.28), as well as the other algorithms.
Introduction
The turbulent properties of the atmospheric boundary layer (ABL)-such as the diffusivity, mixing, and transport-determine whether pollutants are dispersed and diluted or whether they build up and lead to pollution episodes. Thus, estimating, parameterizing, monitoring, and predicting the structure and behavior of the ABL is crucial to determining air quality. The ABL height or one of its proxies, the mixing height (MH), determines the volume of ABL available for pollutant dispersal. Because the MH cannot be observed directly by standard measurements, it must be indirectly estimated from profile measurements or parameterized from simulations. The most common methods for indirectly estimating the MH are based on data from radiosoundings, data from remote sensing systems (e.g., sodars, lidars, radars, ceilometers), and ABL parameterization methods (Seibert et al. 2000) . Beyrich (1997) and Asimakopoulos et al. (2004) state that adequate MH determination from measurements must satisfy the following criteria: 1) Availability of vertical profiles of atmospheric parameters (e.g., temperature, humidity, wind, and backscattering profiles from remote sensing systems) between the ground and 2 km; 2) high vertical resolution (10-30 m) of these profiles to resolve small-scale gradients in the vertical structure of atmospheric parameters; and 3) time increments of 1 h or less to be able to describe the diurnal evolution of the ABL.
The earliest methods for determining the MH relied upon radiosoundings, although these data are too infrequent in space and time. Most recent studies rely on the better spatial and temporal resolution of remote sensing systems. One such remote sensing device is the ceilometer, which measures the vertical profile of the atmospheric optical backscattering coefficient (Mü nkel 2007) .
This study investigates the suitability of ceilometer measurements to determine the MH. The backscattering coefficient depends mainly upon the backscattering of the radiation emitted from the ceilometer by the concentration and size distribution of particulates in the air. Because particulate concentrations are lower in the free atmosphere than in the ABL, the top of the ABL can be distinguished in most cases as a strong gradient in the vertical profile of backscattering coefficient.
There are several approaches to estimate the height of this gradient. One of the simplest methods is the basic gradient method, in which the first or second derivative of the backscattering coefficient profile indicates the MH (e.g., Endlich et al. 1979; Sicard et al. 2006; Emeis et al. 2007 ). The strength of this method is its simplicity. In principle, the gradient is easy to find numerically, but, in reality, the backscattering coefficient profiles do not always follow the theoretical profile shape with only one strong gradient. Instead, the profiles are more complex with several gradients. Thus, choosing the ''right'' gradient for the MH contains some arbitrariness. Should the first gradient from the ground be chosen, or the strongest one? Haeffelin et al. (2011) present an insightful intercomparison between some gradient-based and wavelet algorithms for the evaluation of the MH.
Instead of this basic gradient method, some studies use the so-called idealized-profile method to estimate the MH from ceilometer measurements (e.g., Steyn et al. 1999; Hägeli et al. 2000; Eresmaa et al. 2006 ). This method removes some of the arbitrariness of the basic gradient method by instead finding the decrease in the backscattering coefficient profile. Unfortunately, the idealizedprofile method is inadequate to determine the MH in the case of multilayered backscattering coefficient profiles. Specifically, Hägeli et al. (2000) find the idealized-profile method generates negative MHs in some cases. Also, Eresmaa et al. (2006) find that high particulate concentrations in the surface layer lead to underestimates of the actual MH.
Therefore, this present work aims to improve upon the idealized-profile method by rendering it capable of detecting up to three aerosol layers. In this way, the improved profile method will be applicable for a larger variety of real-life backscattering coefficient profiles. The improved idealized profile includes the mathematically important assumption of cumulative distribution of the backscattered signals, which can provide an interpretation of the encountered gradients compared to the original idealized-profile method.
Measurement campaigns and experimental methods
In this study, the validation of MH values detected using ceilometer profiles is performed against MH values determined from radiosoundings. All our data are collected within the Helsinki Testbed, a mesoscale meteorological network in southern Finland (Fig. 1 ) in operation since 2005 (Koskinen et al. 2011 ; http://testbed. fmi.fi). In addition to an extensive network of surface weather stations, the Helsinki Testbed includes six ceilometers in an area of 50 km 3 50 km and one radiosounding site, thus providing near-simultaneous ceilometer and radiosounding measurements. This section describes the Helsinki Testbed and the data (section 2a) and the technical specifications of the ceilometer (section 2b).
a. The measurement campaigns
The Helsinki Testbed is a mesoscale observing system and research program with the aim to improve observing systems and networks, understanding of weather phenomena important to Finland, and modeling on the regional and urban scales (Koskinen et al. 2011) . The domain of the Helsinki Testbed, approximately 150 km 3 150 km, covers much of southern Finland and is centered upon Helsinki (Fig. 1) , a metropolitan area of nearly one million inhabitants.
In this study, we use ceilometer and radiosounding data obtained within the Helsinki Testbed Project from 2 January 2006 to 13 March 2007. Of the 113 simultaneous noncloudy ceilometer and radiosounding measurements used in this study, most were collected during two special radiosounding campaigns: January-February 2006 (52 radiosoundings) focusing on the stable boundary layer and its dynamics, and August 2006 (41 radiosoundings) focusing on convection and lightning. The remaining 20 radiosoundings were collected outside of these intensive campaigns.
The radiosoundings were launched in Vantaanlaakso, approximately 15 km from the center of Helsinki (Fig. 1) . The ceilometer observations were collected at two sites. The ceilometer was originally situated in Tikkurila during the January-February campaign, but was moved 10 km east to Vantaanlaakso (near the radiosounding launching site) for the August campaign. Both Tikkurila
and Vantaanlaakso are suburban areas influenced by traffic pollution from the Helsinki metropolitan area. Both sites have similar suburban emission environments and meteorological conditions with the same distance to the sea. Most of the radiosoundings were launched during the night (1800-0300 UTC; local standard time 5 UTC 1 2 h), as shown in Fig. 2 . In this study, we use only the Tikkurila-Vantaanlaakso ceilometer as it was the closest to the radiosounding site and had the longest measurement period.
b. Technical characteristics of instrumentation
The Vaisala ceilometer CL31, described by Mü nkel and Rä sä nen (2004) and Mü nkel et al. (2007) , measures the optical backscatter intensity at a wavelength of 910 nm (near infrared). The CL31 has a laser with a single lens that collimates the outgoing beam. The returning signal from the backscattered radiation is focused onto the receiver by the outer part of the lens. A mirror situated at an oblique angle allows the transmitted beam to be separated from the returning beam . Table 1 lists the main technical specifications of the CL31 ceilometer (Vaisala 2006) . For safety and economy, the laser power used is so low that the noise exceeds the backscattering signal. Summing over a large number of return signals improves the signal-to-noise ratio, although this processing gain cannot be extended ad infinitum in a changing environment. For this study, The reference MH is determined by analyzing radiosounding data as described in section 3a. The resolution and accuracy of the Vaisala RS92 radiosonde used in this study are given in Table 2 .
Computational methods
In this section, we describe the methods for determining the MH from radiosounding (section 3a) and ceilometer backscattering coefficient profiles (section 3b).
a. Methods for estimating the mixing height from radiosoundings
To compare the MH estimates from ceilometer data, two traditional MH estimation methods are applied to radiosounding data depending upon the stability. The MH is estimated by the maximum height of the mixing if the sounding is unstable, whereas the equilibrium MH is used if the sounding is stable. The sounding is classified as unstable or stable based on the potential temperature (u) profile from the radiosoundings. Specifically, if a superadiabatic surface layer between the lowest measurement level (approximately 40 m) and 100 m is found, the case is considered unstable (13% of cases). Otherwise, the case is considered stable (87% of cases). The larger number of stable cases is due to the timing of radiosonde launches with 85% of the radiosoundings being launched during nighttime. The large number of nighttime radiosonde launches provides a good opportunity to study the stable, shallow boundary layer heights, which are the most critical for air quality.
In unstable situations, radiosonde data can be used to estimate the MH by lifting a surface air parcel along the dry adiabat until its intersection with the actual temperature profile (Holzworth 1964 (Holzworth , 1967 . In this study, the initial temperature is not the surface temperature, but the mean temperature of the superadiabatic layer near the surface. The advantage of this method is its simplicity-only the temperature profile with height is needed. A disadvantage is that the MH may be sensitive to the details of the temperature profile in situations without a clear inversion at the top of the convective boundary layer (Seibert et al. 2000) .
In stable situations, radiosonde data can be used to estimate the MH by calculating the Richardson number Ri (e.g., Vogelezang and Holtslag 1996) :
where g is the gravitational acceleration, T s is the nearsurface air temperature, u i is the potential temperature at the ith layer of the profile, and V i is the wind speed at height z i . This formula aims at smoothing out some of the inherent fluctuations between adjacent layers, especially those of the wind. To apply this method, the MH is located where Ri exceeds a fixed critical value, determining the equilibrium MH rather than the actual MH (Zilitinkevich and Baklanov 2002) . In the present study, we use the Richardson number profile method of Joffre et al. (2001) with a critical Ri of 1.
b. Methods for estimating the MH from ceilometer measurements
Because the concentration of aerosols decreases rapidly with height from the top levels of the ABL into the free atmosphere, the MH can be characterized by a gradient in the backscattering coefficient as a function of height. Two approaches have been proposed to estimate the height of this gradient:
1) The basic gradient method, in which the minimum in the first or second derivative of the backscattered signal indicates the MH (e.g., Endlich et al. 1979; Sicard et al. 2006; Emeis et al. 2007 ).
2) The idealized-profile method, in which the MH is determined from an idealized profile fitted to the measured one (Steyn et al. 1999) .
Besides these two gradient methods, standard deviation (STD) methods have also been used for MH estimation. Because the interface between the ABL and the free atmosphere is normally strongly convoluted (Hooper and Eloranta 1986) , the advection of these convolutions causes a temporal variance in the backscattered signal. In such circumstances, the MH is defined as the height of the maximum variance. The variance maximizes at the MH because the variability is less below the MH in the ABL (the contrast between turbulent structures in the aerosol field is smaller) and the variability is less above the MH in the free atmosphere (the air is cleaner with fewer variations in backscattered signal).
In this paper, we focus on the idealized-profile method and compare our results with those from other methods. In the first part of section 3b, we discuss the original one-step method, whereas the three-step method, the main topic of this paper, is explained in the second part of section 3b. The basic gradient method and the STD method are discussed briefly in the third and fourth parts of section 3b.
1) THE ONE-STEP IDEALIZED-PROFILE METHOD
The one-step idealized-profile method evaluates not only the MH but also the thickness of the entrainment layer (Steyn et al. 1999) . The entrainment layer is the layer where the ABL air and free atmosphere air mix together. In remote sensing measurements, the entrainment layer is usually defined to be the layer possessing 5%-95% of the characteristics of the free atmosphere, such as low aerosol concentrations (Nelson et al. 1989; Cohn and Angevine 2000) .
In this method, a one-step idealized profile is fitted to the measured backscattering coefficient profile by the formula
where the error function erf(x) is defined as erf(
2 dt, B m is the mean mixing layer backscattering coefficient, B u is the mean backscattering coefficient in the layer above the ABL, and Dh is proportional to the entrainment layer thickness (ELT) capping the step, where ELT 5 2.34Dh (derived in the appendix).
The main advantage of the one-step idealized-profile method relative to the basic gradient methods is its ability to account for the whole backscattering coefficient profile. One of the disadvantages of the idealized-profile method is that the measured profile of backscattering coefficient may include some occasional sharp gradients within the ABL that can lead to false estimates of the MH (Steyn et al. 1999) . Thus, the one-step idealized profile is incapable of distinguishing the surface layer from the mixed layer, which often appear as two separate layers in the backscattering coefficient profile. Consequently, the one-step method is unable to evaluate reliably the MH in such conditions (Eresmaa et al. 2006) .
2) THE THREE-STEP IDEALIZED-PROFILE

METHOD
As the one-step method is unable to evaluate the MH in a case of two or more aerosol layers, the original method has been revised and developed into a threestep version of the idealized profile. The measured backscattering coefficient (m 21 sr
21
) as a function of height increases from the free atmosphere to the ground surface (Fig. 3) . However, three steps (i 5 1, 2, 3) are apparent in the profiles, where B i represents the backscattering coefficient at average step height H i and the entrainment layer thickness ELT i is defined by Steyn et al. (1999) . The two lowest layers illustrate the surface layer and the mixed layer, whereas the third and uppermost layer aims to make the fitting more robust. Typically, the third layer is caused by attenuation of the signal or noise.
Extending the approach of Steyn et al. (1999) from one to several normally distributed aerosol layers in the lower atmosphere, we present the idealized profile of the backscattering coefficient as a linear combination of complementary error functions erfc(x) 5 1 2 erf(x). The appropriate scaling factors and constants can be solved from the measured data. We also define heights h i , where h 1 is the lowest monitoring height of the ceilometer, h 2 and h 3 are located between layers 1 and 2, and 2 and 3 such that H i21 1 (ELT i21 /2) , h i , H i 2 (ELT i /2) (i 5 2, 3), and h 4 H 3 . This three-step idealized profile of backscattering coefficient is illustrated in Fig. 3 . The denoted values of backscattering coefficient B i and average heights H i of the normal distributions have a key role in determining the values for scaling factors and constants of the fitting.
When a backscattering coefficient profile is approximated by a continuous probability density function producing a cumulative distribution, it is reasonable to assume that the backscattered signal comes from a finite height interval. Using the notations in Fig. 3 , the following conditions must be fulfilled in the case of three steps: B(h 1 ) 5 B 1 , B(h 4 ) 5 B 4 , and B(H i ) 5 (B i 1 B i11 )/ 2, for i 5 1, 2, 3. The mean backscattering coefficient from the lowest measurement level is B 1 ; B 2 and B 3 are the mean backscattering coefficients between steps 1 and 2, and steps 2 and 3, respectively; and B 4 is the mean backscattering coefficient of the free atmosphere above the boundary layer.
The vertical profile of the backscattering coefficient B(z) including three steps is presented as a sum of scaled FIG. 3 . A schematic illustration of the three-step idealized profile of backscattering coefficient. The ELT is calculated using the definition of Steyn et al. (1999) . The scaling factor DB ij is defined from Eq. (3a).
complementary error functions and the backscattered signal from the free atmosphere:
The scaling factor of the layer i is defined as DB ij 5 (B i 2 B j )/2, and B 4 represents the backscattered background signal. The unknown parameter Dh i in the denominator is proportional to ELT i . The parameter H i (location) and Dh i (shape) are solved by unconstrained nonlinear optimization. The scaling factors, the backscattered background signal, and the unknown parameters are assumed constant during one averaging time period (15 min). To determine the MH, we require B 1 . B 2 and B 1 . B 3 . This requirement is due to the presumption of gradually decreasing B i with height (Fig. 3) . The same requirement does not pertain to B 4 because this parameter describes the free atmosphere and it may be larger than B 1 because of clouds above the ABL. The ceilometer receives the backscattered signal from one height interval at a time. We apply the properties of the complementary error function [erfc(') 5 0, erfc(0) 5 1, and erfc(2') 5 2] to Eq. (3a) separately at points z 5 H i , h 1 , and h 4 . The corresponding backscattering coefficients in Eq. (3a) reduce to B(H i ) 5 (B i 1 B i11 )/2, B(h 1 ) 5 B 1 , and B(h 4 ) 5 B 4 . This result is consistent with the above stated requirements for the equation.
This procedure could be easily extended to an n-step function [see Eq. (3b)], though analysis of the dataset in this study suggests that one to three layers is enough. Specifically,
and B n11 is the backscattered signal from the free atmosphere. The unknown parameters H i and Dh i are, as earlier, solved by optimization. The vertical profile of backscattering coefficient is associated with the vertical aerosol density profile. However, the backscattering coefficient determined by a single-wavelength ceilometer is also sensitive to the size distribution of aerosols, which complicates the physical interpretation. Possible changes in the size distribution of the aerosols influence, not only the strength of the backscattered signal, but also, to a minor degree, the heights H i .
Thus, the three-step idealized-profile method can distinguish the top of the surface layer from the top of the mixed layer, in principle. The role of the uppermost step in the profile of backscattering coefficient is not yet fully understood from the measurements of the singlewavelength ceilometer. More sophisticated instruments (using several wavelengths) are needed to show whether the uppermost step is an artifact or a real aerosol layer. According to Haeffelin et al. (2011) , the layers associated with real aerosol number concentrations and the height H i depend on the wavelength. Overlapping of aerosol layers decreases the sensitivity of the three-step method. This is to be expected in urban environments, where long-range transported aerosols, aged background urban aerosols, and fresh aerosol plumes originating from local urban particulate matter emissions can be commingled.
The fitting procedure is automated with the Matlab R2009a software package (MathWorks, Inc.). The parameters H i and Dh i (i 5 1, 2, 3) in Eq. (3a) are determined by minimizing the root-mean-square (RMS) deviation between the idealized profile B(z) and the measured profile b(z). Trial runs using these Helsinki Testbed data (2005-07) with the three-step idealizedprofile method show that, if all the parameters are adjustable, then the fitting often fails to follow the shape of the original measured profile as it should. Therefore, the parameters B 1 (the backscattering coefficient at the lowest measurement level) and B 4 (the mean backscattering coefficient in the free atmosphere above the boundary layer) in Eq. (3a) are kept fixed during the fitting. In this study, we define B 4 as the mean backscattering coefficient 2-4 km above ground, which is thick enough to prevent any effects of occasional peaks in the backscattering coefficient. The levels for defining B 4 are optimal for Helsinki Testbed data because the unstable MH never reaches very high values, but it may be reasonable to vary this layer by season at lower latitudes where convection is much stronger.
All the other parameters in Eq. (3a) (i.e., B 2 , B 3 , H i , and Dh i ) are adjustable. The fitting strongly depends upon the initial values of the adjustable parameters because errors in initial values, especially the ones related to steps 1 and 2, can lead to erroneous results. The initial values of H i (i 5 1, 2, 3) are selected as the three largest monotonic decreases of the backscattering signal as function of height. The sensitivity of the MH estimates to the initial values in the optimization may be decreased by using appropriate empirical constraints. Negative B i can occur, but, because the procedure depends on the profile shape and not the absolute backscattering values, this does not affect the MH estimation.
The three-step idealized-profile method produces three estimates for MH. We choose the one connected to the largest decrease of the idealized profile of backscattering coefficient to mark the MH. However, one exception applies: the maximum estimate for the MH is set to 2200 m. This exception is based on MH estimates from 296 soundings at Vantaanlaakso (2005-07) with only one estimated MH exceeding 2000 m. However, the ceilometer often reports a strong gradient at 2500 m, most probably due to the signal weakening at this height. Without this constraint for MH, this artificial gradient could be mistaken for MH if weaker gradients were present closer to the ground. The height constraint for MH is reasonable under similar climatological conditions to Finland, but a higher value should probably be chosen at lower latitudes where convection is much stronger. Estimating very low MH under very strong stable conditions carries some uncertainty, as well, because the lowest measuring level for the ceilometer is 10 m (which enables estimating a minimum MH of 20 m), whereas the lowest level for radiosoundings is 40 m.
Although the CL31 ceilometer has a range up to 7500 m (Table 1) , white noise from altitudes above 4000 m can lead to an imperfect fit to B. Consequently, in this study, we eliminate data above 4000 m, an altitude that exceeds the maximum observed MH in Finland yet still provides some information on the free atmosphere.
3) THE BASIC GRADIENT METHODS
In addition to the idealized-profile method, we also study some simpler gradient methods to estimate the MH from the measured backscattering coefficient profile. The strength of the gradient method is its simplicity-the gradient is mathematically easy to find. But, it is also possible to pick a wrong gradient. The main difference between the idealized-profile method and basic gradient method is the different interpretation of gradients. The gradient for an idealized profile (cumulative distribution) represents the signal normal density distribution, whereas the gradient for the basic gradient method leaves open the type of the distribution. Although the three-step method only fits profiles, the basic gradient method requires both fitting and computing gradients (e.g., Strang 2007, p. 448) . Therefore, the three-step method is expected to yield smaller errors than the basic gradient method, especially for noisy data. We use three different methods to find the gradient associated with the MH: 1) maximum of the negative gradient of the backscattering coefficient profile (h grad,max ), 2) first negative gradient exceeding the threshold value of 22›b/›z i (h grad,first ), and 3) the start of the longest monotonous negative gradient (h grad,long ).
Besides finding these gradients from the initially averaged data (15-min time average, 90-m moving height average), we also test the effect of a second smoothing with a 90-m moving-average filter.
4) THE STANDARD DEVIATION METHOD FOR MH ESTIMATION
We also want to examine some less commonly used methods for MH estimation, such as methods based on the STD profiles. The aim is to study if the STD approach is more suitable for the MH evaluation than the three-step idealized-profile method, and, more importantly, its suitability as a performance metric for assessing the quality of the MH estimates by the three-step idealized-profile method.
We calculate the standard deviation both over vertical (STD y ) and time (STD t ) axes. Like the gradient methods, the STD y method requires a gradient between the ABL and the free atmosphere, whereas the STD t method requires temporal fluctuation at the top of the ABL. STD t is calculated from individual 1-min profiles over 15 min, whereas STD y is calculated over 100-m moving-average blocks starting at a height of 50 m. Both standard deviation profiles (STD y and STD t ) search for maxima as the indicator of MH. The first peak exceeding 150% of the average STD in the layer 0-500 m is chosen to be MH. These estimates for the MH (MH STDy ; MH STDt ) are compared with MHs evaluated by radiosoundings (assumed to be the reference MH) and also to MHs evaluated by the three-step method for assessing if the STD approach could provide additional confidence metrics for the MH evaluated by ceilometer.
Results and discussion
In this section, we first discuss the different backscattering coefficient profile types measured by the CL31 ceilometer and the justification for the three steps (section 4a). The sensitivity for the initial values is discussed in section 4b. Comparing MHs determined by ceilometer (the one-step and three-step idealized-profile methods, basic gradient methods, and the STD method) and MHs determined by radiosoundings is discussed in sections 4c and 4d.
The number of observations in this study is constrained by the number of available radiosoundings (N 5 245). Since the ceilometer is incapable of detecting the MH in the presence of low-level clouds or rain, 132 cloudyrainy situations are removed from the original dataset. Another 16 situations are removed because they possess low backscattering coefficient values near the surface, such that B 2 or B 3 are larger or equal to B 1 . For the 16 rejected profiles, the average values are B 1,mean 5 408 and B 1,median 5 368, whereas, for the remaining 97 profiles, the average values are B 1,mean 5 4074 and B 1,median 5 903. This latter big difference is due to a few (7) very large B 1 values (.10 000), which occur under situations with fog or mist or situations that possess a surface inversion. When such extremely large backscattering values occur at the lowest measurement levels, the backscattered signal does not penetrate into higher measurement levels, yielding an artificial weakening of the backscattered signal and an artificial gradient in the backscattered signal profile. Thus, the final number of observations is 97, which serve as the basis for the analysis presented in the rest of this section.
a. Evaluation of backscattering coefficient profiles
The measured ceilometer backscattering coefficient profiles include four types of profile shapes. About half (56%; the percentages that follow correspond roughly to the number of actual cases) of the measured backscattering coefficient profiles follow the theoretical profile shape with three distinct steps (Fig. 4) . In contrast, 31% of the measured backscattering coefficient profiles have only two steps with steps 1 (H 1 ) and 2 (H 2 ) blended together (upper row of Fig. 5 ). In 3% of the measured profiles, all the steps are blended into one creating a single step (lower row of Fig. 5 ). Finally, 10% of the observations display a residual layer or the remnants of a previous cloud above the ABL.
The distribution of steps determining the MH is presented in Table 3 . Most of the MH estimates are based on H 2 (82% of the observations). In contrast, H 1 determines the MH in 10% of the cases. Finally, H 3 determines the MH in 7% of the cases, typically when the MH is quite weak, the MH lies above the threshold of 2200 m, or both.
The physical explanation for the lowest layer (in the case of three steps in the measured backscattering coefficient profile) varies with the stability conditions. In convective, near-neutral, and stable conditions, H 1 is the surface layer, whereas, in very stable conditions, the surface layer is absent and H 1 is used as the MH. Alternatively, in these very stable conditions, H 1 forms one large step together with H 2 (and possibly also with H 3 ).
The middle layer H 2 in the case of three steps is the mixing layer. If H 1 is used as the mixing layer, then H 2 defines the height of the residual layer. The uppermost step, H 3 , is used as an extra step. In a few cases, H 3 is used as the MH (in these cases, H 2 is associated with a minor gradient within the mixed layer), but mostly H 3 is associated with the gradient caused by the weakened signal. However, a generally valid physical explanation for H 3 cannot be given, as a more sophisticated instrument (using several wavelengths and also measuring the wind profile) is needed to show whether the step is an artifact or a real aerosol layer.
b. Sensitivity for initial values-Case study
The initial values H i,0 in the optimization procedure for estimating the MH play an important role. The easiest option is to use a fixed value for H i,0 . However, based on the data available, this option is not advisable because initial values that are too high or too low lead to a failure in identification of the steps. A demonstration of such a case is shown in Fig. 6 Using initial value sets IVS 1 and IVS 2 leads to correct identification of all the steps. Even though IVS 1 leads to a numerically correct result, the fitted idealized profile does not follow the shape of the measured profile (Fig. 6) . Finally, the use of higher initial values than suggested by IVS 3 leads to a failed fitting. The fitting algorithm recognizes the lowest step (H 1 ), but does not recognize the second step H 2 found by using the two other sets of initial values.
c. Comparison of MHs evaluated by ceilometer and radiosoundings
The comparison of MHs evaluated by ceilometer and radiosounding is displayed in Fig. 7 for the 97 selected cases. These cases are noncloudy with relatively strong backscattering coefficient near the surface: B 1 is always the largest of the B i ; i 5 1, 2, 3. A regression line is fitted to the 97 cases, yielding MH ceilometer 5 (0:90 6 0:08)MH sounding 1 (49 6 44).
(4)
The error margins of Eq. (4) correspond to the 95% confidence level of the regression coefficients. The correlation between MHs evaluated from the ceilometer and radiosounding observations is significant (correlation coefficient r 5 0.91; correlation's t score by Student's t test t 5 17.2; confidence level p , 0.001). On average, the MHs estimated with the ceilometer are slightly higher than the MHs estimated from radiosoundings. Despite differences in the methods, the MHs extracted from the ceilometer signal agree fairly well on average with the MHs determined by sounding. However, this is true only for the situations with a distinct difference between the layer adjacent to the ground (i.e., the MH) and the free atmosphere. A more careful examination is carried out for the 25 cases displaying large relative differences between the two estimates-outside the domain 20:5 , [(MH ceilometer 2 MH sounding )/MH sounding ] , 1. In 15 (60%) of these 25 cases with a large relative difference, the ceilometer method overestimates the MH compared to the radiosounding-that is, [(MH ceilometer 2 MH sounding )/ MH sounding ] . 1. In 6 (40%) of these 15 overestimation cases, the ceilometer indicates the layer of continuous strong backscattering coefficient (i.e., the boundary layer) extending higher than could be expected on the basis of the temperature and Ri profiles. The 9 of the 15 observations (60% of the overestimation cases) are characterized either by a residual layer or remnants of a previous cloud near the surface (Fig. 8) .
In 10 (40%) of the 25 cases displaying a large relative difference, the ceilometer indicates lower MH than could be calculated from the radiosounding profile-[(MH ceilometer 2 MH sounding )/MH sounding ] , 0:5. In 8 (80%) of these 10 cases, a cloud or a residual layer could be observed above the ground-based aerosol layer. However, the other 2 (20%) of the 10 underestimation cases show no physical explanation for the large difference between MHs evaluated from the radiosoundings and the three-step idealized-profile method from the ceilometer. In these cases, the observed backscattering coefficient profile shows a shallower aerosol layer than could be expected.
Most of the observations with large relative differences between MHs from the ceilometer and the radiosounding are characterized by stable conditions. Only one observation, with MH ceilometer relatively much lower than MH sounding , is recorded in unstable conditions (Ri 5 20.18). However, the skewness of the stability distribution is probably because the MH is generally lower in stable than in unstable situations. Thus, even a 100-m difference between MH ceilometer and MH sounding can lead FIG. 6 . Examples of the effect of initial values on the MH estimation. 1) The initial value set is lower than suggested by the fitting algorithm.
2) The initial value set as suggested by the fitting algorithm is used.
3) The initial value set is higher than suggested by the fitting algorithm. The simultaneous radiosounding at Vantaanlaakso at 1028 UTC 13 Aug 2006 is shown 4) for potential temperature and 5) for humidity. to a relative difference of 250% when discussing very low MHs.
The histogram of MHs derived from soundings and ceilometer observations is shown in Fig. 9 . A substantial fraction of shallow mixing layers due to the bias in observation times is apparent, with 85% of the observations collected either during night or in winter when the MH is low. These results do not represent the actual climatological distribution of MHs in southern Finland. On the other hand, because major pollution episodes occur with low MHs under stable conditions, our dataset, with its good coverage of the spectrum of stable conditions, is of practical relevance.
In most categories in Fig. 9 , the number of cases is similar for MHs estimated by soundings and the ceilometer.
However, the group ''500-749 m'' shows a distinct peak in MHs derived from the ceilometer. This is partly due to the large relative difference cases (discussed above), where remnants of previous cloud or a residual layer are situated above the ground-based aerosol layer.
We also compare MHs estimated by this three-step idealized-profile method with the one-step idealized-profile method. The original one-step idealized-profile method is capable of detecting the MH when the ground-based aerosol layer is strong (i.e., only one step present in the measured backscattering coefficient profile), but in most cases the original one-step method was confused by more than one step in the measured backscattering coefficient profile. Thus, the correlation between MHs evaluated from the ceilometer and radiosounding observations is weak (r 5 0.28).
The comparison between Deviation 1step 5 (jMH ceilometer,1step 2 MH sounding j)/MH sounding and Deviation 3step 5 (jMH ceilometer,3step 2 MH sounding j)/ MH sounding is presented in Fig. 10 . In most of the cases, the one-step idealized-profile method failed to detect the MH properly. The presence of multiple layers confuses the one-step method. The one-step method blends all the layers in one thick layer, whereas the three-step method is able to identify the strongest layers, providing an improved determination of the MH.
d. Comparison between MHs evaluated by gradient methods, STD method, and radiosoundings
We compare three gradient methods (the maximum of the negative gradient, the first gradient exceeding the mean negative gradient, and the beginning of the longest continuous gradient) with the MH from the radiosounding data. These three gradients are found from the same data (hereinafter called the normal dataset) as used in the three-step profile method, but also from data averaged a second time (90-m moving-average along the height axis) (hereafter called the double-averaged dataset).
In both datasets, the height of the maximum negative gradient (h grad,max ) is mostly associated with the strong gradient peaks caused by noise (82% of the cases in the normal dataset; 67% of the cases with double-averaged dataset), whereas the minority of h grad,max is associated with the surface layer (18% of the normal dataset; 29% of the double-averaged dataset). In 4% of the doubleaveraged dataset, h grad,max is found between the surface layer and noisy layer. In these cases, h grad,max coincides with the MH evaluated by the three-step method and radiosoundings.
In the normal dataset, the first large negative gradient, h grad,first (i.e., ›b/›z , 22›b/›z), is always found below 100 m AGL. In the double-averaged dataset, however, this is true in only 85% of the cases. In 7% of the doubleaveraged dataset cases, h grad,first is near the MH evaluated by ceilometer. In the remaining 8%, h grad,first is between 100 m AGL and MH ceilometer .
The beginning of the longest continuous gradient proves to be the best approximation for the MH ceilometer , especially in the double-averaged dataset. The mean difference between h grad,long and MH ceilometer is 180 m in the double-averaged dataset, whereas the mean difference between h grad,long and MH ceilometer is 380 m in the normal dataset. The correlation coefficients and regression lines between h grad,max , h grad,first , h grad,long , and MHs evaluated by radiosoundings are presented in Table 4 .
However, the suitability of the gradient methods cannot be judged by this dataset as we had only a very brief look at the possibilities of the gradient methods. A more detailed study on the gradient method (Sicard et al. 2006; Haeffelin et al. 2011) shows the gradient and also the wavelet method to be suitable for MH evaluation. The correlation coefficient between MHs evaluated by ceilometer and the reference radiosounding method in those studies is as high as 0.96.
The standard deviation profile is calculated over the time (STD t ) and vertical (STD y ) axes. We use the first peak in each profile as the MH; neither one provides enough information for the MH evaluation solely. For the STD t method, the main restriction is the lack of distinct peaks (in 21% of the observations, STD t increases monotonically with no sharp peaks in the profile-this problem is mostly observed in convective cases with high MH). In contrast, the STD y approach always reports the first peak below 1200 m (thus making it impossible to identify any peak in STD y connected to high MH) due to the increase in noise. Also, because of the computational procedure for STD y the lowest possible peak is found at 60 m.
The correlation between MHs evaluated by the STD t method and radiosounding observations is moderate (r 5 0.6; number of observations N 5 77), whereas the correlation between MHs evaluated by the STD y method and radiosounding observations is weak (r 5 0.35; number of observations N 5 97).
The comparison between the MHs evaluated by peaks in STD profiles and soundings is displayed in Fig. 11 . A regression line is fitted to the observations, yielding The error margins of Eqs. (5a) and (5b) correspond to the 95% confidence level of the regression coefficients. Despite the shortcomings of the STD method, we find the standard deviation profiles to be useful for the classification of MHs evaluated by the three-step idealized-profile method. The evaluated MHs are divided into four classes according to the STD t and the STD y peaks (Table 5 ; Fig. 12 ). The ''MH ceilometer too high'' is especially useful as it identifies most of the overestimation cases.
Conclusions
In comparison with the original one-step idealizedprofile method, the three-step method has the advantage of taking three aerosol layers into account and thus better copes with real-world situations. Three steps are especially useful when the surface layer is present or a residual layer lies above the boundary layer. As Eresmaa et al. (2006) find, these phenomena complicate the detection of MH by the one-step method. The three-step method maintains the same advantage as the one-step method because it exploits the whole backscattering coefficient profile, feeling little effect on the fitting from the white noise.
However, the three-step idealized-profile method has two potential limitations. The three-step idealized-profile method was tested with 97 observations measured in the Helsinki Testbed area, southern Finland, from 2 January 2006 to 13 March 2007. The MHs evaluated with the three-step idealized-profile method had a high correlation (r 5 0.91) with MHs determined from radiosoundings.
Two simpler methods also were examined: the basic gradient method and the STD method. We tested three criteria for MH estimation by the basic gradient method: the maximum of the negative gradient, the first gradient exceeding the mean negative gradient, and the beginning of the longest continuous gradient. These criteria were tested with the same data as the three-step idealized-profile method and also with double-averaged data. The maximum of the negative gradient and the first negative gradient exceeding the preset threshold value were associated either with white noise above the MH or with the surface layer. Also, the beginning of the longest continuous gradient provided no reliable information on MH as compared to the MH from the radiosounding. However, the beginning of the longest continuous gradient proved to be the best approximation for the MH in the double-averaged dataset, with a correlation coefficient of 0.77 with the MH from the radiosounding.
We also tested the STD method. The STD profile was calculated over the vertical (STD y ) and time (STD t ) axis, and both the STD profiles were searched for peaks as an indicator for the MH. Neither of the STD profiles Comparison between MHs evaluated from the radiosoundings and the three-step idealized-profile method from the ceilometer data in the Helsinki metropolitan area between 2 Jan 2006 and 13 Mar 2007. The green diamonds represent situations with a distinct peak in STD t and STD y near the evaluated MH ceilometer ; the downward-pointing black triangles represents situations with a distinct peak in both the STD t and the STD y profiles lower than the evaluated MH ceilometer ; and the upward-pointing red triangles represent the situations with a distinct peak in both the STD t and the STD y profiles higher than evaluated MH ceilometer . The blue symbols represent situations that do not fit in the other three classes. DECEMBER 2012 was able to evaluate the MH as compared with MH sounding . However, the STD method provided useful information on the reliability of the three-step idealized-profile method. Those observations with MH ceilometer much larger than MH sounding were characterized by peaks in both the STD t and the STD y profiles lower than the evaluated MH ceilometer . On the other hand, those observations with peaks in STD t and the STD y near MH ceilometer had a high correlation with MH sounding .
Our next goal is to test further the three-step idealizedprofile method with more data to better cover various weather situations, especially those with unstable ABLs. We also want to test the combination of the three-step method, the beginning of the longest continuous gradient, and the STD method to see if a combination of methods improves upon any single method.
